Phosphate and parathyroid hormone related peptide (PTHrP) are required for normal growth plate maturation. Hypophosphatemia impairs hypertrophic chondrocyte apoptosis leading to rachitic expansion of the growth plate; however, the effect of phosphate restriction on chondrocyte differentiation during endochondral bone formation has not been examined. Investigations were, therefore, undertaken to address whether phosphate restriction alters the maturation of embryonic d15.5 murine metatarsal elements. Metatarsals cultured in low phosphate media exhibited impaired chondrocyte differentiation, analogous to that seen with PTHrP-treatment of metatarsals cultured in control media. Because phosphate restriction acutely increases PTHrP expression in cultured metatarsals, studies were undertaken to determine if this increase in PTHrP plays a pathogenic role in the impaired chondrocyte differentiation observed under low phosphate conditions. In contrast to what was observed with wild-type metatarsal elements, phosphate restriction did not impair the differentiation of metatarsals isolated from PTHrP heterozygous or PTHrP knockout mice. In vivo studies in postnatal mice demonstrated that PTHrP haploinsufficiency also prevents the impaired hypertrophic chondrocyte apoptosis observed with phosphate restriction.
D
uring normal growth plate maturation, chondrocytes differentiate from proliferative chondrocytes into prehypertrophic and hypertrophic chondrocytes. Terminally differentiated hypertrophic chondrocytes secrete signaling molecules that promote vascular invasion, undergo apoptosis, and are replaced by osteoblasts that give rise to the primary spongiosa of bone. In vivo analyses in growing mice have shown that hypophosphatemia impairs apoptosis of terminally differentiated hypertrophic chondrocytes, leading to rachitic expansion of the hypertrophic chondrocyte layer of the growth plate (1) (2) (3) . The rachitic phenotype in mice with vitamin D receptor (VDR) abla-tion is prevented with a high calcium, high phosphate rescue diet, thus confirming that the growth plate abnormalities observed in these mice are not a direct consequence of impaired VDR action (1) . In vitro studies demonstrate that induction of Erk1/2 phosphorylation by extracellular phosphate activates the mitochondrial apoptotic pathway in hypertrophic, but not proliferative, chondrocytes (2) . Blocking Erk1/2 phosphorylation using MEK inhibitors impairs phosphate-induced apoptosis of hypertrophic chondrocytes in vitro and in vivo (2) , demonstrating a critical role for phosphate induction of Erk1/2 phosphorylation in hypertrophic chondrocyte apoptosis.
Parathyroid hormone related peptide (PTHrP) is produced by periarticular chondrocytes and acts via the PTH/ PTHrP receptor (PPR) to promote the proliferation and inhibit the differentiation of chondrocytes (4 -7) . The growth plates of PTHrP null mice exhibit accelerated differentiation with evidence of programmed cell death. In vitro analyses in chondrocytes isolated from these mice demonstrate increased susceptibility to TNF␣-induced apoptosis (8, 9) ; however, the effect of PPR signaling on phosphate-induced hypertrophic chondrocyte apoptosis has not been examined. Based on the observation that phosphate restriction acutely increases PTHrP expression in murine metatarsals (2) , studies were performed to determine whether phosphate restriction alters chondrocyte differentiation during endochondral bone formation and to address whether PPR signaling plays a role in the impaired hypertrophic chondrocyte apoptosis observed under low phosphate conditions.
Materials and Methods

Animal studies
Animal studies were approved by the institutional animal care committee. All mice were on a C57BL/6J background and were maintained in a virus and parasite-free barrier facility exposed to a 12-hour light-dark cycle. PTHrP ablation leads to embryonic lethality, thus postnatal studies were performed with PTHrP ϩ/Ϫ mice (7). Both male and female mice were studied. Postnatal day 18, mice were weaned onto house chow (1% calcium, 0.6% phosphorus) or onto a low phosphate diet (0.6% calcium, 20% lactose, 0.02% phosphorus, Harlan TD 03486). Because phosphate restriction increases calcium absorption, the calcium content of the phosphate-restricted diet was decreased to provide equal bioavailable calcium to the house chow. Mice were treated with a single dose of PTH (1-34, 100 mcg/kg) on day 24 and killed 1 hour post injection.
Metatarsal cultures
Metatarsals were isolated from day 15.5pc (postcoitum) wild-type, PTHrP ϩ/Ϫ, and PTHrP Ϫ/Ϫ litter mates and cultured in phosphate-free DMEM supplemented with 0.25% fetal bovine serum (FBS), 50 g/mL ascorbic acid, antibiotic/antimycotic, sodium pyruvate, and sodium phosphate at a final concentration of 1.25 mM (control) or 0.05 mM (low phosphate). The two media have equivalent ionized calcium levels (control media: 1.08 mmol/L and low phosphate media: 1.12 mmol/L). To evaluate the effect of PPR signaling on endochondral bone formation, PTHrP was added to the media at a concentration of 10 Ϫ7 M. Metatarsals were cultured at 37°C and 5% CO 2 for 4 days.
Histology
Metatarsal morphology was evaluated by Toluidine blue staining of frozen sections. Morphology of postnatal bones was assessed by hematoxylin and eosin staining of paraffin embedded sections. Phospho-Erk1/2 (p-Erk1/2) immunohistochemistry was performed on frozen sections of metatarsals and paraffin sections of long bones as previously described (2, 10) . VDR (Santa Cruz SC-1008) immunohistochemistry was performed on paraffin sections of long bones as previously described (11) . Immunohistochemistry for Cyp27B1 (25-hydroxyvitamin D-1-␣-hydroxylase, Millipore ABN182) was performed on paraffin sections of long bones; sections were treated with trypsin and subsequently blocked with 10% goat serum, 0.4% Triton X, 1% BSA in PBS and then incubated with primary antibody overnight at 4°C. Primary and secondary antibodies were diluted in 10% goat serum, 0.4% Triton X in PBS. In situ hybridization was performed on fixed frozen metatarsal sections using digoxigenin-labeled probes (3) and on paraffin sections of postnatal bones using 35 S-UTP-labeled antisense RNA probes as previously reported (2, 12) . The zones of Col X expression in metatarsals are expressed as the percent of metatarsal length. The terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay for apoptotic cells was performed using an in situ cell death detection kit (Roche Diagnostics) (1).
Cell culture
Primary chondrocytes were isolated from the rib cages of day 2 pups by sequential collagenase II digestions and plated onto gelatin-coated 6-well plates at density of 3 ϫ 10 5 /cm 2 (1, 2). Cells were cultured in DMEM supplemented with 10% FBS, 1% penicillin/streptomycin, and 25 g/mL ascorbic acid at 37°C, 5% CO 2 for 2 weeks. To evaluate the effect of phosphate on Erk1/2 phosphorylation and apoptotic factors, chondrocytes were serum restricted (0.5% FBS) overnight prior to exposure to 7 mM sodium sulfate or sodium phosphate with or without PTH pretreatment (10 Ϫ7 M PTH 1-34 for 30 minutes).
Western analysis and subcellular fractionation
Whole cell lysates of primary chondrocytes were prepared as previously described (2) . To obtain subcellular fractions, cells were lysed in 250 mM sucrose, 20 mM HEPES pH 7.4, 10 mM KCl, 1.5 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA. The lysate was passed through a 23-gauge needle 10 times and incubated on ice for 20 minutes. The nuclear fraction was pelleted at 600 g for 5 minutes, following which the mitochondrial fraction was pelleted at 10,000 g for 5 minutes. All buffers were supplemented with a cocktail of 1 mM sodium fluoride, 20 mM ␤-glycerol phosphate, 2 mM sodium orthovanadate, and protease inhibitor mixture (Roche Applied Science).
Protein concentration was calculated using the BCA protein assay (Pierce) and 7 mcg of protein was subjected to Western analysis. Membranes were blocked with 5% nonfat dry milk or BSA prior to incubation with primary antibodies against p-Erk1/2 (Cell Signaling 9101), Erk1/2 (Cell Signaling 9102), voltage-dependent anion-selective channel protein 1 (VDAC) (Millipore AB10527), HSP-90 (Cell Signaling 4875), Bad (Cell Signaling 9239), and phospho-Bad (Ser155) (Cell Signaling 9297). After incubation with horseradish peroxidase-conjugated secondary antibodies, signals were detected using ECL Plus (Amersham Biosciences).
Statistical analysis
Student's t test was used to analyze significance between two groups. P Ͻ .05 was considered significant.
Results
Phosphate restriction inhibits chondrocyte differentiation
The metatarsals of day 15.5 mouse embryos grown in culture recapitulate in vivo chondrocyte differentiation, thus, this culture system has been used extensively to investigate factors that regulate chondrocyte differentiation during endochondral bone formation (13) (14) (15) (16) . To determine if phosphate plays a role in embryonic endochondral bone formation, day 15.5pc metatarsals were cultured in control (1.25 mM) or low phosphate (0.05 mM) media for 4 days postharvest (Figure 1 ). Morphologic evaluation by toluidine blue staining demonstrated attenuation of the central hypertrophic chondrocyte region in metatarsals cultured in low phosphate media, relative to those cultured under control conditions. To further define the domains of proliferative and hypertrophic chondrocytes, in situ hybridization was performed for collagen type II (Col II; proliferative chondrocytes) and collagen type X (Col X; hypertrophic chondrocytes). Consistent with the morphological phenotype, wild-type metatarsals cultured in low phosphate media exhibited a marked decrease in the domain of Col X expressing hypertrophic chondrocytes relative to those cultured in control media as quantitated by percent of metatarsal length composed of Col X expressing cells (control media: 48.3 Ϯ 3.2% vs low phosphate media: 31 Ϯ 3.6%, P Ͻ .05), demonstrating that phosphate restriction impairs differentiation of proliferative into hypertrophic chondrocytes. Because Erk1/2 phosphorylation in cultured hypertrophic chondrocytes is induced by extracellular phosphate (2), immunohistochemical analyses were undertaken to examine the effect of low phosphate media on p-Erk1/2 in the cultured metatarsals. Whereas p-Erk1/2 immunoreactivity was present in the hypertrophic chondrocyte domain of metatarsals cultured in control media, it was not detectable in those cultured in low phosphate media.
Previous studies have reported that phosphate restriction of metatarsals induces PTHrP mRNA expression within 24 hours (2). To determine if PTHrP treatment leads to a phenotype similar to that observed with phosphate restriction, metatarsals were treated with 10 Ϫ7 M PTHrP under normal and low phosphate conditions. PTHrP treatment resulted in a decrease in the hypertrophic chondrocyte region of the metatarsals, assessed by both toluidine blue staining and Col X mRNA expression (no treatment: 48.3 Ϯ 3.2% vs PTHrP treatment: 12 Ϯ 3.0%, P Ͻ .05), as well as a marked suppression of Erk1/2 phosphorylation ( Figure 1 ) under control conditions. Phosphate-restriction did not appreciably alter the phenotype of the PTHrP-treated metatarsals, suggesting that PTHrP plays a pathogenic role in the impaired chondrocyte differentiation observed under low phosphate conditions.
PTHrP is required for the impaired chondrocyte differentiation observed with phosphate restriction
Because the phenotype of metatarsals cultured under phosphate restricted conditions is analogous to that observed with PTHrP treatment, studies were undertaken to determine if PTHrP plays a pathophysiologic role in the inhibition of chondrocyte differentiation and Erk1/2 phosphorylation observed. Metatarsals from day 15.5pc wild-type, PTHrP ϩ/Ϫ, and PTHrP Ϫ/Ϫ littermates were cultured in control (1.25 mM) and low phosphate (0.05 mM) media (Figure 2) . In contrast to what was observed in wild-type metatarsals, in PTHrP ϩ/Ϫ metatarsals phosphate restriction did not decrease the hypertrophic chondrocyte region, assessed by toluidine blue staining and Col X mRNA expression (control media: 51.3 Ϯ 3.1% vs low phosphate media: 52.7 Ϯ 3.2%, P ϭ .63), nor did it de- Figure  2 ). These findings were not affected by phosphate restriction (zone of Col X expression, control media:87.3 Ϯ 3.5% vs low phosphate media: 89.3 Ϯ 3.1%, P ϭ .50). Thus, PTHrP plays a pathogenic role in the impaired endochondral bone maturation observed under low phosphate conditions.
To determine whether PTHrP signaling can be implicated in the impaired hypertrophic chondrocyte apoptosis observed with phosphate restriction in vivo, wild-type and PTHrP ϩ/Ϫ mice were weaned onto a low phosphate or control diet from day 18 to 24. The growth plates of wild-type mice fed the low phosphate diet exhibited an expansion of the hypertrophic chondrocyte layer, assessed by H and E staining and in situ hybridization for Col X ( Figure  3, A and B) . Decreased p-Erk1/2 immunoreactivity was also observed in the growth plate of wild-type mice on the low phosphate diet relative to that of wild-type mice fed the control diet ( Figure 3C ). In contrast, the low phosphate diet did not lead to appreciable growth plate abnormalities in the PTHrP ϩ/Ϫ mice ( Figure 3, A-C) . However, PTH (1-34) acutely decreased p-Erk1/2 immunoreactivity in the growth plate of wild type and PTHrP ϩ/Ϫ mice fed house chow ( Figure 3C ). To determine whether impaired VDR or Cyp27B1 expression contributes to the growth plate expansion observed with phosphate restriction, immunohistochemical analyses were performed (Figure 3, D and E) . Neither VDR nor Cyp27B1 immunoreactivity was decreased in the growth plates of wild-type or PTHrP ϩ/Ϫ mice fed a low phosphate diet. Because expansion of the hypertrophic chondrocyte layer in hypophosphatemic mice has been shown to be secondary to impaired apoptosis of these cells, TUNEL assays were performed. As previously reported, the low phosphate diet markedly impaired apoptosis of the late hypertrophic chondrocytes in wild-type mice; however, phosphate-restriction did not significantly impair hypertrophic chondrocyte apoptosis in PTHrP ϩ/Ϫ mice ( Figure 4, A and B) .
PPR activation modulates mitochondrial Erk1/2 and apoptotic factors in vitro
Based on these data that demonstrate a role for PTHrP in the impaired hypertrophic chondrocyte apoptosis observed during phos- phate restriction, investigations were undertaken to determine if PPR activation alters the induction, activation or subcellular distribution of apoptotic factors during phosphate-induced hypertrophic chondrocyte apoptosis. Because phosphate induction of Erk1/2 phosphorylation is required for hypertrophic chondrocyte apoptosis in vivo and in vitro (2), hypertrophic chondrocytes were treated, or not, with PTH at 10 Ϫ6 M, 10 Ϫ7 M, and 10 Ϫ8 M for 30 minutes prior to the addition of 7 mM sodium sulfate (control) or sodium phosphate ( Figure 5A ). These studies demonstrated that PTH pretreatment impairs phosphateinduced Erk1/2 phosphorylation at all doses examined. To determine whether this PTH-mediated decrease in p-Erk1/2 was cellular compartment specific, subcellular fractionation was performed. Whereas p-Erk1/2 was induced in both the cytosolic and mitochondrial fractions one hour after treatment with sodium phosphate, PTH impaired phosphate-induced Erk1/2 phosphorylation only in the mitochondria ( Figure 5B ). PTH also attenuated the increase in mitochondrial total Erk1/2, normalized for VDAC, observed 1 hour post phosphate treatment ( Figure  5B ). By four hours post treatment, the phosphate-mediated changes in p-Erk1/2 and total Erk1/2 had waned significantly ( Figure 5B ). The Bcl-2-associated death associated promoter (Bad) protein promotes apoptosis by binding to and blocking the action of Bcl-2/Bcl-XL (17, 18) . Upon phosphorylation, Bad releases Bcl-2/Bcl-XL and moves from the mitochondria to the cytosol, inhibiting apoptosis (19) . Phosphate treatment of hypertrophic chondrocytes failed to alter the levels or subcellular distribution of Bcl-2 (data not shown) phospho-Bad or total Bad ( Figure 5B ). However, 30 minutes pretreatment with PTH led to a marked decrease in mitochondrial Bad, accompanied by a corresponding increase in cytosolic phospho-Bad 1 and 4 hours post phosphate treatment ( Figure 5B ).
Discussion
The importance of phosphate in skeletal mineralization has long been appreciated. However, studies addressing the role of extracellular phosphate in chondrocyte differentiation during embryonic endochondral bone formation have been limited by the absence of models of fetal hypophosphatemia. To circumvent this problem, investigations were undertaken using the mouse embryonic metatarsal culture system, a model that has been shown to recapitulate embryonic endochondral bone formation ex vivo. Acute phosphate restriction has been shown to increase PTHrP expression in cultured embryonic metatarsals. In the current studies, phosphate restriction impaired the differentiation of proliferative into hypertrophic chondrocytes in a PTHrP-dependent fashion. Thus, low phosphate conditions lead to an increase in PTHrP expression in metatarsals that is required for the impaired chondrocyte differentiation observed with phosphate restriction.
The importance of PPR signaling in chondrocyte differentiation is well established. Chondrocyte-specific overexpression of PTHrP and constitutive activation of the PPR delay chondrocyte maturation (6, 20) , whereas homozygous inactivation of the PPR in humans and mice results in accelerated chondrocyte differentiation and embryonic lethality (7, 21, 22) . Neither humans nor mice with PTHrP haploinsufficiency manifest skeletal abnormalities during development. In humans, PTHrP haploinsufficiency is characterized by short stature due to growth arrest in the early teens associated with premature fusion of growth plates. In mice, skeletal abnormalities have been reported at 3 months (23, 24) . This difference in phenotype may be a consequence of normal lack of growth plate closure in rodents. Mice haploinsufficient for PTHrP have a significant reduction in renal PTHrP mRNA levels (24), thus, PTHrP heterozygous mice, and metatarsals derived from them, provide a suitable model for studying the interactions of phosphate and PTHrP on chondrocyte maturation during development and postnatal growth plate maturation.
Based on the data demonstrating that haploinsufficiency of PTHrP impairs the effects of phosphate restriction on embryonic metatarsals, studies were undertaken in growing mice. These studies demonstrated that, unlike what is observed in wild-type mice, the growth plates of mice heterozygous for PTHrP ablation do not demonstrate impaired hypertrophic chondrocyte apoptosis when fed a low phosphate diet during a period of rapid growth. These data demonstrate that PPR signaling is required for the impaired hypertrophic chondrocyte apoptosis observed with phosphate restriction. However, previous studies have demonstrated that a low phosphate diet partially rescues the premature closure of the growth plate observed with postnatal PPR ablation. Whereas incomplete cre-mediated PPR ablation could result in this phenotype, signaling by the intact receptor in cells that did not express the inducible Col II-Cre transgene, or activation of compensatory pathways in this model could also account for the observation (25) (26) (27) (28) .
Activation of the PPR has previously been reported to have both pro-and anti-apoptotic effects in other cell types. PTH has been shown to exert significant anti-apoptotic effects on osteoblasts and osteocytes in vivo in mice, as well as cause resistance to dexamethasone-induced apoptosis of these cells (29) . Similarly, in mesenchymal cell culture models, overexpression of the PPR attenuates dexamethasone and serum deprivation-induced apoptosis, as does treatment of preconfluent cells with PPR ligands (30) . In contrast, in postconfluent mesenchymal cells, PPR activation induces apoptosis, associated with Akt dephosphorylation (30) . PPR activation in Caco-2 cells also leads to dephosphorylation of Akt and Bad, decreasing cell survival (31) . These data contrast with our studies demonstrating that PTH treatment of primary hypertrophic chondrocytes increases phospho-Bad and prevents phosphate-induced mitochondrial Erk1/2 phosphorylation. Taken together, these studies suggest that the actions of PPR on apoptosis are cell type and differentiation stage-specific.
Thus, the current investigations demonstrate that a low phosphate environment attenuates chondrocyte differentiation during embryonic endochondral bone formation by a PPR-dependent mechanism. They also show that PPR activation modulates the effects of extracellular phosphate on hypertrophic chondrocyte apoptosis during postnatal growth plate maturation.
